Efficient generation of spin currents from charge currents is of high importance for memory and logic applications of spintronics. In particular, generation of spin currents from charge currents in high spin-orbit coupling metals has the potential to provide a scalable solution for embedded memory. We demonstrate a net reduction in the critical charge current for spin torque-driven magnetization reversal via using spin-orbit mediated spin current generation. We scaled the dimensions of the spin-orbit electrode to 400 nm and the nanomagnet to 270 nm × 68 nm in a three-terminal spin-orbit torque, magnetic tunnel junction (SOT-MTJ) geometry. Our estimated effective spin Hall angle is 0.15-0.20 using the ratio of zero-temperature critical current from spin Hall switching and estimated spin current density for switching the magnet. We show bidirectional transient switching using spin-orbit generated spin torque at 100 ns switching pulses reliably followed by transient read operations. We finally compare the static and dynamic response of the SOT-MTJ with transient spin circuit modeling showing the performance of scaled SOT-MTJs to enable nanosecond class non-volatile MTJs.
I. INTRODUCTION
C ONTINUED scaling of electronic devices has enabled unprecedented growth of computing performance in the past few decades. However, as the electronic device technology node approaches 14 nm dimensions [1] , further scaling of complementary metal oxide semiconductor (CMOS) fieldeffect transistors requires the realization of several complex materials and device changes [2] . One of the methods for enabling further scaling in computing performance is by integration of spintronic devices for on-chip embedded memory [3] or spintronic logic [4] . An efficient method of switching magnetic bits is a pre-requisite to enable such integration [4] . In this context, spin transfer torque (STT) switching of nanomagnets driven by CMOS transistors [5] has attracted significant effort. However, traditional STT devices are reliant on high spin polarization in magnetic tunnel junctions (MTJs) due to orbital symmetry dependent spin filtering in oxides (e.g., MgO) [6] . MTJ-based MRAM technology has the following fundamental drawbacks for compatibility with future scaled CMOS technologies: a) incompatibility of the high operating voltages and currents required for MTJ tunnel currents with scaled CMOS; b) large access transistor size required to meet the drive current requirement that limits circuit density; and c) reliability issues created by the high voltage (>0.8 V) and high current (>100 μA) damaging MTJ oxide. Hence, it is of great interest to pursue MTJ switching methods alternative to STT, which would provide high spin polarization at low voltage and low current operation. The discovery of giant spin-orbit torques (GSOT), giant spin Hall effect (GSHE), and Rashba Effect (RE) [7] - [10] , in which large spin-polarized currents are generated transverse to the charge current direction in high-Z metals (such as β-Ta [9] , β-W [10] , Pt [11] - [13] , and doped Cu [14] , [15] ), may provide a solution to the voltage, current scaling, and reliability problems of magnetic embedded memory. In particular, scaled spin-orbit torque (SOT)-MTJs can have: a) better drivability in scaled CMOS; b) fast switching time approaching 500 ps; c) decoupled read and write paths; and d) improved tradeoff of non-volatility versus write time [16] . Though two access transistors are needed for read/write operations of a three-terminal SOT-MTJ compared to one for a two-terminal MTJ the size of the access transistors for three-terminal device is smaller as the current and the load resistance of SOT-MTJ is much smaller.
II. DESCRIPTION OF THE DEVICE
We fabricated a three-terminal device which forms the basic cell for the MRAM which has a SOT-induced write mechanism and MTJ-based read out, as shown in Fig. 1 , using fabrication technique shown by Aradhya et al. [17] . The device material stack comprising substrate/Ta(6)/Co 40 Fe 40 B 20 (1.6)/MgO(1.6)/ Co 40 Fe 40 B 20 (4)/Ta(3)/Ru(3)/Ti(6)/Pt(40) (thicknesses t are in nanometers) is patterned into the geometry, as shown in Fig. 1(A) . The device has a narrow rectangular channel of widths W ch = 400, 500, and 600 nm and lengths L ch = 1600, 2000, and 2400 nm made up of β-Tantalum See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. shown in Fig. 1(B) . Top view is shown in Fig. 1(C) where the nanomagnet is oriented along the width of the GSOT electrode for appropriate spin injection. Ti/Pt contacts are made to the spin-orbit electrode. This MTJ part of dimension 270 nm × 68 nm was fabricated using E-beam lithography on top of the β-Ta channel. The top leads of Ti/Pt bilayer were added on the Ta/Ru stack to make contacts to the MTJ. The magnetization state of the cell is written by applying a charge current via the GSOT electrode. The direction of the magnetic writing is set by the direction of the applied charge current. Positive currents (along +y direction) produce a spin injection current with transport direction (+z) and spins polarized in (+x) direction. The injected spin current in its turn produces spin torque to align the nanomagnet in the (−x) direction (since the spin Hall angle for β-Ta is negative). If the direction of the current is switched to the opposite, so is the magnetization direction. The transverse spin current ( I s = I ↑ − I ↓ with spin directionσ ) for a charge current ( I c ) in the write electrode is given by
where P SHE , the spin Hall injection efficiency, is the ratio of magnitude of transverse spin current to lateral charge current, w is the width of the nanomagnet, t is the thickness of the GSHE metal electrode, λ sf is the spin-flip length in the GSHE metal, and θ SHE is the spin Hall angle (coefficient) for the GSHE metal to the FM interface. We demonstrate bidirectional switching of the threeterminal MTJ using spin injection from the spin-orbit write electrode. The switching diagram of the SHE-MTJ with an external magnetic field is shown in Fig. 2(A) . The small signal resistance (dV/dI) is plotted as a function of applied magnetic field, showing a clear hysteresis window with abrupt switching which is representative of a single domain like the behavior of the free layer. The major loop is shown in the inset. The bidirectional current-induced switching is shown in Fig. 2(B) in the presence of an offset field of 102 Oe to center the hysteresis curve for the device. We verify the symmetry of the switching by using a negative offset field (−102 Oe). For positive offset field, the MTJ switches to AP/P when the current through GSOT is positive/negative. When the offset field is reversed, the MTJ switches to P/AP when the current through GSOT is negative/positive. In an integrated device with a synthetic antiferromagnet, the offset field is not necessary and the relationship of the switching and current direction is purely given by (1) .
We show the effect of scaling the SOT electrode on the switching of the SOT-MTJ by comparing the dc switching properties for a 270 nm × 68 nm magnet, with SOT electrode of various width: 400, 500, and 600 nm. In Fig. 3(A) , bidirectional spin torque switching of the MTJs as a function of applied current in the SOT electrode is plotted. The critical currents for parallel-to-antiparallel switching and vice versa, I cP-AP and I cAP-P , are comparable showing that symmetric bidirectional switching is feasible with SOT switching. Symmetric switching can simplify the constraints on the driving circuitry used for MRAM. We extract the zero-temperature critical currents and magnetic energy barriers for the devices using ramp rate measurements. Fig. 3(B) shows the critical current as a function of ramp rateİ c . Using thermal activation model, this dependence can be fit to a function form I c = I c0
, where the energy barrier E b and the zero-temperature critical current I c0 are the fitting variables, k B T is the thermal energy [18] . We assume that the temperature of the device was close to room temperature, and the attempt time τ 0 ∼ 1ns. The extracted barriers and zero-temperature critical current are shown in Fig. 3(D) . The ratio of the critical current at zero temperature to the energy barrier is plotted in Fig. 3(C) showing linear scaling.
We extract the "effective spin Hall angle" (θ SHE ) for the device by taking the ratio of the expected critical spin current density in STT switching ( J s0-MTJ ) to the charge current density J c0-SHE derived from the critical current in spin Hall switching I c0-SHE [19] 
The calculated spin Hall angles for the three devices are 0.16 (W ch = 400 nm), 0.18 (W ch = 500 nm), and 0.20 (W ch = 600 nm). Here the magnet thickness without the dead layer is t m , the saturation magnetization is M s , the effective demagnetization is M eff , the material anisotropy effective field is H k , and Gilbert damping is α. We assumed a dead layer of 0.2 nm [20] . This technique for extracting effective spin Hall angle is approximate due to the following factors: a) the approximate estimate of the dead layer thickness (t m −t m ); b) I c0-SHE is not exactly proportional to W ch showing a large offset; and c) ignoring the contribution of the field-like torque arising due to reflection of spins at the interface and due to the interface RE. We also calculate the effective spin injection efficiency in the measured spin-orbit effect device
and show that the critical current in SHE is ∼2× smaller the critical current in STT with MTJ spin-polarized P MTJ currents
The above effective spin Hall angle is calculated under the assumption that the spin torque is only due to Slonczewski spin torque. We obtain intrinsic bulk spin Hall angle to be 0.35-0.44 by accounting for the finite interface conductivity, the interface transmission coefficient, and spin diffusion from the second surface of β-Ta, which suppress the spin injection into the magnet. The effect of finite interface reflectivity, i.e., the imaginary component of the mixing conductance (G ↑↓ ) and spin diffusion from bottom interface under a semi-classical spin diffusion equation [21] is given by
whereG ↑↓ (t) = G mix 2ρ Ta λ sf tanh(t/λ sf ) is a scaled spin mixing conductance accounting for thickness (t) induced effect, ρ Ta is the resistivity, and λ sf is the spin-flip length in Ta [20] .
III. TRANSIENT SWITCHING OF THE DEVICE AND COMPARISON TO SPIN CIRCUIT MODEL
We show the operation of the three-terminal SOT device as a memory element by performing consecutive write and read cycles. The write cycles are performed at 4× the critical current (we note that such high biasing is not possible with tunnel junction-based spin torque switching) followed by a read pulse of amplitude 50 mV applied to the third terminal of the MTJ. The repeatable bidirectional transient switching current and voltage data are plotted in Fig. 4. Fig. 4(A) shows the switching of the device with 10 μs pulsewidth write pulses followed by a read pulse of 10 μs width with ∼100 nA of write currents. Fig. 4(B)-(D) shows the read and write operations of the SOT-MTJ with progressively lower pulse widths down to 100 ns. The pulse shape for 100 ns switching is shown in the inset of Fig. 4(D) .
IV. VECTOR SPIN CIRCUIT MODELING OF SPIN-ORBIT TORQUE SWITCHING DEVICES
We model the SOT-MTJ using vector spin circuit theory [22] comprising 4 × 4 conduction matrix formulation for spin transport coupled with magnetization dynamics. The circuit model is shown in Fig. 5 . The proposed model can be selfconsistently coupled to the nanomagnet dynamics including the thermal stochastic noise effects [23] . The spin torque acting on the free layer in an SOT-MTJ originates from: a) spin torque due to spin injection from the fixed layer and b) spin torque due to the SOT acting on the free layer. The phenomenological equation describing the dynamics of nanomagnet with the magnetic moment unit vector (m) is the modified Landau-Lifshitz-Gilbert-Slonczewski equation [24] , [25] 
where γ is the electron gyromagnetic ratio; μ 0 is the free space permeability; H eff (T ) is the effective magnetic field due to material, shape, and surface anisotropies, with the thermal noise component [23] ; I s⊥ = (m ×m × I s ) is the component of vector spin current perpendicular to the magnetization; and N s is the total number of Bohr magnetons in the magnet. The dynamics of the MTJ are solved self-consistently with the spin transport in the equivalent circuit models. The equivalent vector spin circuit for SOT-MTJ comprises of the equivalent spin conductances of the fixed ferromagnet (FM fix ) and free ferromagnet (FM free ) interfaces to form the MTJ [26] . The vector spin equivalent circuit model for an SOT-MTJ is described in Fig. 5(A) . The model comprises of three nodes N0, N1, and N2 to describe the MTJ. The magnetization of top fixed layer and bottom free layer are described bym fix andm free . The 4-component conductivity of the FM1 and oxide interface is described by G FM1 and conductivity of the FM2 and oxide interface is described by G FM2 . The conductance matrix describing the spin transport across an FM/Oxide interface can be written as ⎡ 
is dependent on the detailed band structure of the electrodes and tunneling materials [6] , [27] , [28] . The effect of magnetization rotation for a precessing MTJ can be described using the proposed model, where the four component conductances evolve as a function of the magnetization of the free magnet
where R is a 4-component transformation to rotate the conductance matrices. The spin torque from tunneling spin currents acting on the magnet and the effect of spin torque from spin-orbit layer are included via a spin injection into the free layer as governed by the physics of spin injection from SOT layer to FM [20] , [21] . The equivalent spin circuit model includes a current control spin current to model the injection of spin current from the SOT electrode to the free layer. We also include the fieldlike component of the SOT via a current controlled effective magnetic field due to the SOT [29] . A coupled simulation of the spin torque dynamics of an MTJ driven by the spin current response from a vector spin circuit model is shown in Fig. 5(A) . The vector magnetization dynamics of the free layer are shown in Fig. 5(B) , showing magnetic switching under the combined action of antidamping spin torque and effective field due to spin-orbit effects. The circuit simulation captures the change in the state of the MTJ via a 10 mV relative voltage bias across the device. The change in the MTJ resistance is shown in Fig. 5(B) . Vector spin equivalent circuit is shown in Fig. 5(C) . Switching time versus applied voltage pulse characteristics are shown in Fig. 5(D) . The combined effect of field-like spin torque and antidamping torque significantly enhance the speed of switching showing the nominal switching speed of <200 ps for a 70 kT magnet with dimensions of 20 × 60 nm with a spin-orbit metallic electrode of 60 × 60 nm of resistivity 200 μm · cm. We assumed a bulk spin Hall ratio of 0.2 and effective Rashaba field of 4 × 10 −6 Oe/(A/cm 2 ) for the transient vector spin simulations.
V. CONCLUSION
We have demonstrated transient switching and read out of magnetization in a spin orbital (spin Hall) effect MTJ. Scaled SOT metallic electrodes produce a favorable scaling of spin currents. We estimated a 2× improvement in spin current efficiency compares to tunneling STT mechanism. Using zerotemperature critical current extraction, we derive an effective spin Hall angle of 0.2. Accounting for imperfect interfaces, we deduce the intrinsic spin Hall angle to be 0.33-0.40. Using vector spin circuit modeling, we show that further aggressive scaling of dimensions can lead to nanosecond class spin-orbit effect switching devices with non-volatility.
